Parametric Decay Instabilities (PDI) appear to be an ubiquitous feature of Lower Hybrid Current Drive (LHCD) experiments. In density ramp experiments in Alcator C-Mod and other machines the onset of PDI activity has been well correlated with a decrease in current drive efficiency and production of fast electron Bremsstrahlung. However whether PDI is the primary cause of the "density limit", and if so by exactly what mechanism (beyond the obvious one of pump depletion) has not been clearly established. In order to further understand the connection, the spectrum of PDI activity occurring during Alcator C-Mod LHCD experiments has been explored in detail by means of a number of RF probes distributed around the periphery of the C-Mod tokamak including a probe imbedded in the inner wall. The results show that i) the excited spectra consists mainly of a few discrete ion cyclotron quasi-modes, which have higher growth than the ion sound branch; ii) PDI activity can begin either at the inner or outer wall, depending on magnetic configuration; iii) the frequencies of the IC quasi-modes correspond to the magnetic field strength close to the LFS or HFS separatrix; and iv) although PDI activity may initiate near the inner separatrix, the loss in fast electron Bremsstrahlung is best correlated with the appearance of IC quasi-modes characteristic of the magnetic field strength near the LFS separatrix. These data, supported by growth rate calculations, point to the importance of the outer SOL density and temperature in determining PDI onset and degradation in current drive efficiency. In particular, by minimizing the SOL density it should be possible to extend the core density regime over which PDI can be avoided, thus maximizing the effectiveness of LHCD at high density. Increased current drive efficiency at high density has been achieved in FTU and EAST through lithium coating and special fueling methods, and in recent C-Mod experiments by operating at higher plasma current. Another approach would be to locate the launcher in the inner wall with double null operation. This simultaneously improves the accessibility condition of the LH waves and may in fact be necessary in reactor scale experiments to avoid lifetime-limiting damage to the coupler.
Introduction.
Since the earliest days of Lower Hybrid Current Drive (LHCD) experiments, Parametric Decay Instabilities (PDI) have been linked to the sudden loss of suprathermal electrons and current drive efficiency as the density is increased above a critical density, !"#$ [1] [2] [3] [4] . In order to consider LHCD for reactor scale experiments, e.g., for DEMO or a Fusion Nuclear Science Facility, it is important to understand the conditions under which PDI occur and if possible to develop plasma regimes that either avoid their onset or restrict their growth to levels above which they would limit current drive efficiency.
The results described in this paper link the onset of PDI with conditions in the plasma edge and Scrape Off Layer (SOL), which are then critical to the performance of an LHCD system in a reactor grade environment. While methods exist for transient control of SOL parameters, e.g., lithium deposition and pellet injection, it is not clear that they are applicable for the very long pulse or steady state conditions required in a reactor. Nor is it clear that an LHCD coupler would have adequate lifetime, considering the turbulent heat and particle fluxes that exist in the outer SOL. A possible solution is to develop LH launchers that can be integrated in the inner wall. Operating in a double null equilibrium would then present a predictable, quiescent plasma environment which may be suitable for addressing these issues. Other benefits that accrue to LHCD from "inside launch" are outlined in Section 5.
2. Spectral measurements. RF spectra in the vicinity of the 4.6 GHz LH applied frequency were monitored by a number of probes installed in the wall of the Alcator C-Mod tokamak. These include several probes mounted in the 4x16 waveguide grill, and a large number of probes imbedded in both lower and upper divertor plates. In addition, one of the key probes used in this study was mounted on the inner wall and was originally developed as a scanning probe to monitor parameters in the inner SOL. It was only used in a fixed position for the RF measurements, and a companion scanning probe was used to monitor density and temperature in the inner SOL at the same location. Scanning probes located in the outer wall were used for measurement of parameters in the outer SOL. A small loop antenna was also mounted outside the machine in order to compare PDI results with other LHCD experiments where internal probes were not available. Figure 1 shows an example of spectra detected by a probe at the inner wall from three discharges with densities spanning !"#$ . At low densities, where efficient current drive occurs ( ≡ !" ≈ 0.25 A/W·m -2 ), very little activity is seen in the spectrum other than the peak at the applied LH frequency, ! = 4.6 GHz. However as the density is increased to = 0.6 x 10 20 m -3 , sidebands begin to appear below ! . As the density is increased to !"#$ , the sidebands become strong with an energy content comparable to that in the spectrum around ! and pump depletion sets in. The spectral peaks, typically 3-4 in number, occur at multiples of the ion cyclotron frequency evaluated near the inner wall. Thus, the sudden decrease in fast electron production and current drive is at least correlated with if not caused by the onset of PDI. As the density is increased beyond !"#$ , for example to =1.3 x 10 20 m -3 in the figure, the energy content in the spectrum in the vicinity of the applied frequency drops by about 20 dB while the sidebands become nearly undetectable. In this regime the slow LH wave is marginally accessible inside the separatrix which likely accounts for its 20 dB decrease at the inner wall.
The data in Figure 1 were obtained with Alcator C-Mod operating in so-called standard conditions: a lower signal null equilibrium, with ×∇ pointing toward the divertor. In initially puzzling results it was found that whenever PDI first appeared, the dominant spectral peaks were always harmonics of a cyclotron frequency, but the cyclotron frequency involved corresponded to the field strength at either the HFS or LFS separatix, depending on the equilibrium configuration. Specifically by reversing the field and current, and changing from LSN to USN, the results remained as in Figure 1 (as expected since gravity is insignificant.) However, by reversing only the direction of the field, and thus ×∇ , and retaining the position of the X-point, the dominant harmonic frequencies became multiples of the ion cyclotron frequency at the outer (rather than the inner) separatrix. Thus by reversing the field (and current) in an LSN equilibrium, the dominant PDI exhibited harmonics corresponding to the field at the outer separatrix as shown in the spectra in Figure 2 . Launched wave spectrum centered at n || =1.6. Peaks correspond to ω ci at the high field edge. This spectral dependence on the magnetic equilibrium turns out to be due to changes in the inner and outer SOL conditions that occur when only the direction of is reversed. With nearly constant pressure along the open field lines, the SOL density is inversely proportional to the temperature, which in turn is determined by parallel thermal transport. The source of energy in the SOL is the turbulent flux transported across the LCFS in the region of unfavorable curvature. As shown in [5] , the parallel thermal transport can be reinforced or diminished by the × flow in the SOL, depending on the direction of and location of the X-point. Consequently, in the case of LSN or USN equilibria in Alcator C-Mod, with ×∇ pointing toward the X-point, the density (temperature) is higher (lower) in the inner SOL, and the reverse is true when ×∇ points away from the X-point. Scanning probe measurements directly confirm these density and temperature asymmetries. The linkage of PDI thresholds to conditions in the SOL, as well as the correspondence of the spectral peaks to cyclotron harmonic frequencies near the separatrix, point to the importance of edge conditions in determining PDI onset and their possible connection to the "density limit". The growth rates for PDI are favored by high density and low temperature, and thus the conditions in the inner SOL are more favorable for PDI onset when ×∇ points toward the primary divertor.
PDI excited near the inner wall are less threatening regarding current drive since LH waves have to propagate to the inner wall in order for excitation to occur there. If one can operate in the "single pass" limit, that is to ensure nearly complete absorption of the launched waves before they arrive at the inner wall, then not only will there not be enough energy to excite PDI near the inner wall, the waves will have already deposited their power in driving useful current. Avoiding reflection at the inner wall by maximizing first-pass absorption is also a beneficial strategy for avoiding other parasitic SOL absorption mechanisms such as elastic and inelastic collisional losses and ∥ upshift. While difficult to achieve in existing experiments, high single-pass absorption will be the case for reactors owing to their high temperatures, ! 0 > 40/ ∥ ! .
Even with high single-pass absorption, PDI As n e increases, the lowest frequency peak transitions from that characteristic of the HFS field strength to that of the LFS. excited near the outer wall remain a concern since various mechanisms are then available for converting the applied power to waves that are ineffective for driving current. In particular, the high frequency PDI daughter waves typically have ∥ ≫ ∥,! and will damp at low temperatures near the edge with negligible current drive efficiency. As the density is increased in C-Mod, even in conditions that favor PDI excitation at the inner wall, ion cyclotron harmonics characteristic of the field strength at the outer wall are ultimately observed. An example is shown in Figure 3 , which shows that as the density is further increased after PDI onset, the energy content of cyclotron harmonics characteristic of the inner wall field strength becomes dominated by PDI frequencies excited near the outer wall.
No current drive effects nor evidence of fast electron generation is observed above n e = 1.2x10 20 m -3 in these conditions.
PDI growth rates.
In order to understand the conditions under which PDI occur we have examined solutions of the PDI dispersion relation which takes the form
where the coupling coefficients ± depend linearly on the square of the parallel and perpendicular components of the applied (or "pump") electric field [6, 7] . Here , ! , ! are the low frequency dielectric constant and susceptibilities, and ! ( ! ) is the dielectric constant for the lower (upper) sideband. The most unstable solutions to (1) are associated with the 
excitation of ion cyclotron quasi-modes ( ≈ !" ) whose growth rates are found to be dominant over the ion sound quasi-mode branch ( ≈ ∥ !" ). Comparing homogeneous growth rate spectra with the observed frequency spectra indicates that the ion cyclotron quasimodes are excited at the cold plasma edge with || / ! ≲ 10. We also note that in both experiment and calculation strong excitation occurs for !" ≲ 4, where !" is evaluated in the near SOL. Although excitation by ! ! is stronger than by ∥ ! , parallel coupling may play a more important role at the plasma edge because the excited sidebands can propagate nearly parallel to the pump which maximizes their convective amplification.
An example of maximum growth rate and real frequency of the ion cyclotron quasi-modes as determined from the local PDI dispersion relation is shown in Figure 4 . Fits to measured SOL and near-separatrix density and temperature profiles were used to provide the parameters needed in (1) . From the growth rate calculations one can see that strong growth is limited to the first few ion quasi-mode harmonics. As the separatrix is crossed and the temperature increases, higher harmonics become unstable but with lower growth rate. Only 3-4 harmonics have been observed in the spectral measurements, thus adding support (in addition to the field dependence) to the conclusion that the most intense PDI are generated in, or very close to, the near SOL. More extensive analysis of PDI growth rates including a discussion of convective effects can be found in [8] .
Dependence on edge density.
The analysis of growth rates from the PDI dispersion relation suggests that reducing the SOL density could mitigate their growth. One convenient way to do this in C-Mod is to increase the current, since the density in the far SOL of Ohmic L-mode plasmas is found to decrease with decreasing Greenwald fraction [9] . Figure 5 shows the result of a current scan for the three currents, 0.55, 0.80 and 1.1 MA. A linear density ramp increasing the density from 8x10 19 m -3 to 1.4x10 20 m -3 was programmed and was essentially the same for the three currents. As the current was stepwise increased, scanning probe data revealed a reduction in SOL density as expected; in fact, the SOL density profile at Figure 5 . Spectra resulting from density ramps in discharges with three different currents. The sideband frequencies are near harmonics of the ion cyclotron frequency at the outer separatrix. Notice that the onset of PDI occurs later in time as the current is increased, and therefore at higher line-averaged density.
EX/P6-17 6 the lowest current and lowest density was similar to that at the highest current and the highest density. For the same line-averaged density, Langmuir probes mounted in the antenna face showed a marked decrease in the density at the antenna at the higher currents despite a decrease in the gap between launcher and separatrix. The onset of PDI clearly occurred later in time for the higher currents, and therefore at higher line-averaged density. As shown in Figure 6 the density at the launcher was approximately the same at PDI onset for the three cases although the significance of this observation is unclear.
Indications of fast electron production were monitored for these discharges by recording total count rate in the energy range 40 -200 keV and the results are shown in Figure 7 .
Comparison with the PDI spectra in Figure 5 suggests a possible causal relation between the onset of PDI near the outer separatrix and the degradation in the hard x-ray flux.
Similar improvements in the "density limit" and correlation with PDI suppression have been reported in LHCD experiments in FTU [10] and EAST [11] . Both machines made use of lithium coating and special fueling methods to reduce wall recycling. These results together with the results presented here build a strong case for the role played by plasma edge conditions in limiting the density at which LHCD ceases to be effective. However it should also be mentioned that Tore Supra has had success in mitigating the falloff in fast electron Bremsstrahlung using pellet fueling, but without a strong correlation with the presence of PDI [12] .
Future applications.
A new coupler (LH3) has been designed for Alcator C-Mod LHCD experiments to explore the advantage of off-midplane launch [13] .
For standard C-Mod equilibria, moving the launch point above the midplane results in an upshift in ∥ as the rays propagate radially inwards toward the plasma core, which encourages higher single-pass absorption [14] . Installing LH3 would permit taking advantage of the full complement of 16 available klystrons in approximately doubling the available LHCD power. In addition it would permit exploration of interesting synergies between LH3 and the present midplane launcher.
Moving a lower hybrid launcher off the midplane to optimize penetration and absorption of lower waves motivates consideration of the possibility to locate the launcher on the inner wall. Besides optimizing ray trajectories, as suggested above, placing a launcher on the inner Figure 7 . Comparison of x-ray count rate in the range 40 -200 keV for the three discharges in Figure 5 . wall presents two additional advantages: i) it maximizes the magnetic field strength at the launcher, which improves wave accessibility, and ii) especially for double null configurations, it locates the launcher in a relatively quiet, predictable plasma in which turbulent fluxes and ELM-like disturbances are essentially absent. In fact, locating an LHCD launcher in the outer SOL where ! > may not be feasible at all for steady-state reactor grade plasmas due to the unpredictable fluxes of energy and particles that would continuously erode the face of the launcher. It is not clear that one can control the density and temperature in the outer SOL, which must be several cm's thick in order to provide an effective path for the rays to reach the separatrix without unacceptable attenuation. Plasma turbulence at the mouth of the launcher (including the effects of PDI) can also reduce current drive efficiency by causing an upshift in the launched ∥ spectrum as LH waves are scattered by turbulence in the bad curvature region [15] . Since LHCD efficiency is proportional to 1/ ∥ ! , even small upshifts can result in significantly lower efficiency.
The effect of higher field at the launcher can substantially open the penetration window, resulting in a deeper poloidal trajectory of the LH rays and a broader off-axis driven current profile. This can be appreciated by examining the " ∥ -window" available for LH waves, which is set from below by accessibility and above by the threshold for Landau damping:
From this one can see that increasing the field lowers the LHS, thereby allowing lower values of ∥ that will damp at higher temperature, i.e., farther from the plasma edge. This latitude can be exploited to increase the overall efficiency as well as to ensure deeper penetration.
As an example, the driven-current profile and efficiency using inside launch have been examined for FDF, a device proposed to serve as a Fusion Nuclear Science Facility [16] . The result is shown in Figure 8 , where it is seen that the current profile resulting from the inside launch is broader and less concentrated at the edge than for the outside launch. The normalized efficiency for the inside launch is η ~ 0.38 and is 40% greater than the outside launch thanks to the lower value of ∥ , and consequent higher temperatures at which damping occurs as permitted by the more generous accessibility constraint.
Installing an inside launch LH antenna presents a non-trivial engineering challenge. Conceptual designs have been developed for a test antenna to be installed in Alcator C-Mod. Retrofitting such a launcher to an existing machine is more difficult than incorporating it at the conceptual level into the tokamak design. This is being done for a proposed new machine called the Advanced Divertor Experiment (ADX) [17] . presented on the role of parametric instabilities in limiting the effectiveness of lower hybrid current drive at high density. While direct proof is still lacking, the circumstantial evidence from these and results from other machines strongly suggest that PDI are causally involved in the universally observed roll off in LHCD efficiency at high density. The PDI observed in Alcator C-Mod are linked to the conditions in the SOL. In favorable (unfavorable) equilibria with ×∇ pointing toward (away from) the active divertor PDI initiate in the inner (outer) SOL. This has been explained by asymmetries that occur in the SOL due to the effect of an × flow near the separatrix. PDI occurring in the outer SOL are regarded as more problematic since PDI near the inner SOL can be eliminated by strong single pass absorption so that most of the applied power is dissipated before LH rays reach the inner separatrix. Promising results have been obtained in mitigating the effects of outer SOL PDI and extending the density range over which fast electrons are generated by taking advantage of the lower SOL densities which occur in higher current C-Mod L-modes. Eliminating the onset of PDI in the outer SOL will require control of the SOL density which may be difficult or impractical in reactor scale devices. A possible new approach is suggested, namely to locate the LH launcher at the inner wall in double null equilibria where the turbulent fluxes crossing the separatrix are negligible and where it may be possible to create low density plasma conditions that avoid PDI and other turbulent scattering mechanisms. A conceptual proof-ofprinciple test for this concept has been developed for Alcator C-Mod and a fully integrated launcher design is being incorporated into the conceptual design of the Advanced Divertor Facility (ADX), a new device being proposed by an MIT-led consortium to develop an integrated approach to managing reactor-relevant heat and particle fluxes.
Summary. New results are

